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Abstract 
Analysis of mutant forms of cytochrome c oxidase in conjunction with knowledge from high resolution crystal structures 
is providing important clues as to the location and specificity of proton channels and the timing of proton movements with 
respect to electron transfer events. Mutant forms of Rhodobacter sphaeroides cytochrome c oxidase at the highly conserved 
aspartate 132, in the 'D-channel' and at lysine 362, in the 'K-channel', are compared with respect o the nature of their 
residual activity and their reactions with H202. The results argue for physical separation and specificity in these two proton 
input routes, due to their distinctive kinetics with peroxide and the apparent connection of the D-channel, but not the 
K-channel, to the proton exit pathway. The reversible nature and possible location of the exit pathway are discussed in the 
context of direct and indirect mechanisms of energy coupling. © 1998 Elsevier Science B.V. 
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I. Introduction 
The mechanism of coupling between vectorial 
translocation of protons and exothermic reduction of 
oxygen to water has not been solved for cytochrome 
c oxidase, despite the remarkable achievement of 
high resolution crystal structures of mammalian [1] 
and bacterial [2,3] forms of the enzyme. Some 
fundamental questions, the answers to which could 
clarify this issue include: 
1. Where do protons move, into, through and out 
of the protein? 
2. How, where and when do the proton move- 
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ments connect with electron transfer and oxy- 
gen reduction events? 
New insights into where protons may move and the 
nature of the oxygen chemistry have been gained and 
from the crystal structures and from mutational and 
kinetic analyses, but the connection remains elusive. 
Several models for proton pumping have been pro- 
posed that can be distinguished by whether the metal 
centers and their ligands are considered to be direct 
participants in binding and moving protons [2,4] or 
whether the oxygen chemistry is thought to drive 
proton movements by indirect, allosteric coupling at 
a distance from the active site. A combination of 
these coupling mechanisms can also be envisioned. 
Studies in our laboratory have focused on input 
and exit pathways for protons, with particular em- 
phasis on the exit route, due to the implications of its 
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location in distinguishing between direct and indirect 
coupling, and the importance of its structure in 
understanding how proton pumping efficiency may be 
controlled [5-7]. 
2. Insight into proton exit from mutants in the 
proton uptake pathway at D132 
Mutation of a highly conserved aspartate on the 
inner side of the membrane, D132 in Rhodobacter 
sphaeroides cytochrome c oxidase, is accompanied 
by loss of proton pumping but retention of some 
electron transfer activity [8,9]. In the Rhodobacter 
enzyme, the remaining low activity exhibits 'reverse 
respiratory control': oxygen consumption that is 
stimulated, rather than inhibited, by a positive-outside 
membrane potential. This phenomenon, ot observed 
in other mutant forms with equally low activity, can 
be explained by assuming that the D132 mutant can 
take up protons from the outside of the membrane 
through reversal of the exit pathway, in order to 
satisfy the need to neutralize lectron transfer events. 
Evidence to support this idea [7-9] comes from 
studies of the activity of the reconstituted nzyme, by 
oxygen electrode and stopped-flow methods, showing 
inhibition of activity by the addition of valinomycin 
to remove the membrane potential, conditions that 
stimulate activity of the wild-type enzyme (Table 1). 
Similarly, reversing the membrane potential by a 
high internal salt concentration greatly decreases 
activity (Table 1), while acidifying the vesicle inter- 
ior tends to restore normal respiratory control, pre- 
sumably by facilitating uptake of protons via the 
Table 1 
D132A mutant enzyme shows reverse respiratory control 
mutated interior pathway. When 2H20 is added 
externally to reconstituted vesicles by rapid-mixing 
stopped-flow, a larger deuterium isotope effect is also 
observed for D132 mutants compared to wild-type 
enzyme, further supporting a rate-limiting uptake of 
protons from the exterior. Since the aspartate muta- 
tion on the inner surface of the protein does not alter 
the spectral characteristics and overall conformation 
of the protein, these observations suggest a significant 
reversibility of the normal exit route. 
The implications of reversibility, at as much as 5% 
of the normal rate, are of considerable interest, since 
controlled reversibility of the proton efflux route 
provides a possible mechanism for regulating enzyme 
efficiency [6]. The regulation of efficiency of energy 
coupling is particularly important in mammalian 
systems where energy and heat are both critical 
products of metabolism. But where is the exit chan- 
nel, what is its structure and how might its re- 
versibility be controlled? 
3. Evidence for the location of the exit channel. 
Little evidence is yet available to indicate the 
position of proton efflux from cytochrome c oxidase. 
In the simplest model, such as the direct coupling 
mechanism proposed for the histidine cycle [2,4], one 
would predict a channel starting above the heme 
a3-Cu B site and a reversibility depending on the 
group(s) normally responsible for delivering protons 
to the outside (e.g. the histidine ligand of CuB) 
having some ability to receive protons from the 
outside, to neutralize lectron transfer to the active 
site [6]. In an indirect coupling model, the exit site 
Rates of O z consumption (e-/s/aa3) 
COV Conditions Coupled No Axls Uncoupled RCR~ RCR c 
D 132A Control 41 19 29 0.46 0.71 
aHigh [K+]in 15 7 22 0.47 1.5 
Wild type Control 133 163 936 1.2 7.0 
aHigh [K+]i n 137 197 683 1.4 5.0 
COV were reconstituted by the cholate dialysis method ([8]) with 20 mg/ml asolectin lipids and 2 tzM aa 3 or awith the addition of 200 mM KCI. These 
(5-10 p~l) were added to 1.7 ml of 10 mM Hepes-KOH, 41 mM KC1, 38 mM sucrose, pH 7.4, in a Gilson oxygraph at 25°C with 30 ~M horse-heart 
cytochrome c, TMPD (N,N,N',N'-tetramethyl-p-phenylenediamine) nd ascorbate. 
bRCR,=activity with valinomycin (no ~) divided by coupled activity (no ionophores). 
CRCR=respiratory control ratio (uncoupled activity with valinomycin and CCCP (carbonyl cyanide m-chlorophenylhydrazone) divided by coupled activity). 
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for protons could be almost anywhere, but several 
possible pathways have been proposed by Tsukihara 
et al. [1] on the basis of the mammalian crystal 
structure. These workers also made the interesting 
observation of an apparent water channel proceeding 
from above the heme a3-Cu  B center to the outer 
surface of the oxidase, at the interface of subunits I 
and II. More recent higher resolution structures of 
both the mammalian (S. Yoshikawa, personal com- 
munication) and bacterial [3] enzymes confirm the 
presence of bound water in this region and emphasize 
the central organizing role of a Mg ion that has three 
water ligands and is proximal to the proposed water 
channel. Studies in our laboratory initially identified 
the location of the Mg, demonstrated its stoichio- 
metric replacement with Mn [10,11] and showed the 
usefulness of the latter ion as a probe of the structure 
and water accessibility of this region [5,12]. We 
propose that the water channel may be a water and/or 
proton exit route from the active site, and that its 
structure and reversibility is dependent on several 
critical amino acids as well as the Mg and its ligands 
[6]. Preliminary evidence from electron paramagnetic 
resonance (EPR), electron spin-echo envelope modu- 
lation (ESEEM), and deuterium isotope studies on 
the Mn-substituted enzyme in wild-type and mutant 
forms lend support o this hypothesis [5]. 
One residue that was originally suggested to have 
an important role in proton exit [2] is the conserved 
carboxylate immediately above the heme a3-Cu  a 
center, aspartate 407 in Rhodobacter. However, re- 
placement of the carboxyl with alanine or asparagine 
did not alter the pumping activity. In fact, there was 
little change in any measurable aspect of structure or 
function, strongly arguing against a critical role for a 
carboxyl at this position [12]. 
4. Separate proton uptake channels in time or 
space? 
Considerable discussion has centered around 
whether or not physically distinct pathways are 
required in cytochrome oxidase to conduct protons 
that are to be translocated (H i )  and those that are to 
+ 
form water (H s ). One view is that there is only a 
separation of these protons in the timing of their 
access to the active site, in the context of a direct 
coupling model [13]. However, an indirect coupling 
model necessitates physically separate pathways ince 
the pumped protons would not directly access the 
active site, though they may approach closely enough 
to participate in the charge neutralization. 
At least two physically distinct pathways have 
been suggested by mutagenesis and supported by 
analysis of the crystal structures (Fig. 1). They are 
often referred to as the K-channel, being blocked by 
mutation of a lysine (K362 in Rb. sphaeroides aa3), 
and the D channel, the one that is blocked by 
mutation of an aspartate (D132 in Rb. sphaeroides). 
Both of these channels are credible on the basis of the 
crystal structures and of predicted and identified 
water sites within the protein [1,3,14,15]. While the 
K-channel appears to lead directly to the active site 
and is an obvious candidate for substrate proton 
supply in direct or indirect coupling models, the 
D-channel can lead via hydrogen bonds to an internal 
glutamate (E286 in Rb. sphaeroides), from which 
point it is not clear where the proton would go. 
Several models suggest that the glutamate could 
move from an internally accessible to an externally 
accessible position, but any of the models require 
several water molecules to make further connections 
[14,15]. 
Interestingly, blockage of the K-channel, unlike the 
D-channel, does not result in significant activity or 
reverse respiratory control, suggesting that blockage 
of this channel cannot be compensated by supplying 
protons via reversal of the exit route. In other words, 
the K-channel does not appear to connect o the exit 
channel, because of timing or space constraints. If
both channels could provide protons to a common 
site for oxygen reduction, albeit at different stages of 
the oxygen chemistry, one would predict hat proton 
uptake from the exit channel could repair blockage of 
either path. On the other hand, a separate pumping 
pathway feeding protons from D132 to E286 and then 
to a heme a 3 propionic acid, as proposed by Hofacker 
and Schulten [14] would predict hat the D- but not 
the K-channel would access the exit channel, as 
observed. This observation is also consistent with an 
indirect mechanism such as that suggested by Tsuki- 
hara et al. [1]. 
Thus, the apparent accessibility of the D-channel to 
protons from the exit route, in contrast o the K- 
channel, argues for a separate nd point of the two 
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Fig. 1. Model of possible proton pathways in cytochrome c oxidase. Three subunits of bacterial cytochrome c oxidase are represented, with amino acid 
residues designated in Rhodobacter sphaeroides numbering. Solid arrows indicate likely proton uptake and exit routes. Dashed lines with arrows indicate 
various possible proton pumping paths: direct, involving proton binding to ligands of the heme a3-Cu B center; indirect, involving proton binding to 
non-metal ligand sites by allosteric ontrol, as discussed in the text. Dotted arrow shows postulated reversibility of the exit channel. 
pathways and for the D channel being the only supply 
route for protons to be pumped. On this basis, it is 
reasonable to maintain the original designation of the 
D path as the proton pumping path and the K path as 
the source of substrate protons, although the timing 
of entrance of protons from these two sites may not 
be as proposed by Iwata et al. [2]. In the model 
developed by the latter authors, protons to be pumped 
were taken up first, while the substrate protons from 
the K-channel accompanied later electron transfer 
events. Recent studies [13] suggest hat this model 
needs to be reconsidered and the timing, at least, 
must be reversed, with the initial proton uptake being 
of substrate protons through the K-channel. 
Another important finding that must be accounted 
for is the observation of normal proton uptake by the 
fully reduced K362L mutant oxidase in the 100 ms 
time scale after CO photolysis in the presence of 
oxygen [16], suggesting substrate proton uptake via 
the D-channel. However, it is possible that the 
required substrate protons are already pre-loaded in 
the mutant K-channel [17]. 
5. Correlation of proton movements with steps 
of oxygen reduction 
It has been argued that the D-channel may supply 
both substrate and pumped protons, while the K- 
channel is required for only the initial substrate 
proton(s) [13] or perhaps could function just as a 
non-conducting dielectric well for facilitating electron 
entry into the active site [17]. The fact that hydrogen 
peroxide can serve as a productive substrate for K362 
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Fig. 2. D132A mutant oxidase reacts with peroxide giving kinetics at 607 and 580 nm that are similar to those of wild-type but unlike those of the K362M 
mutant. Enzyme (5 mM) oxidized with 100 mM potassium ferricyanide was reacted with 4.4 mM H202 in an Olis-RSM stopped-flow spectrophotometer in 
50 mM Hepes-KOH+0.05% lauryl maltoside, pH 7.4. The initial time-averaged scan (32 ms) was subtracted from subsequent scans to produce difference 
scans. The kinetic traces from the scans ra~e shown for wild-type, D132A and K362M mutants. The fitted lines were made by non-linear least-squares 
exponential fitting using Microcal Origin . 
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mutants, while oxygen cannot [18], indicates that 
some early step(s) in the turnover, including reduc- 
tion of heme a 3 and oxygen binding, require protons 
from the K-channel. All remaining protons beyond 
the peroxy intermediate would then appear to come 
from the D path, giving it a dual role. However, 
comparison of the kinetics of reaction of the D132 
and K362 mutants with H202 raises questions regard- 
ing the interpretation of the behavior of the K362 
mutant. 
The very high K M for n202 seen for the mutants at 
K362, along with the very low turnover [18] (D.A. 
Mills, D. Zaslavsky, R.B. Gennis, S. Ferguson-Miller, 
unpublished results), suggest hat although the first 
electrogenic steps proceed normally [13], the per- 
oxidase half reaction is in fact severely limited. 
Indeed, the behavior of these K-channel mutants does 
not appear to be consistent with the idea that the 
D-channel is kinetically competent to supply all of 
the protons required for the sequence of steps, 
'peroxy' to 'ferryl' to water. It is possible that the 
HEO2-supported activity of K362 mutants is inhibited 
because substrate protons must be provided by the 
peroxide itself, rather than coming from the D-chan- 
nel. 
The reactions of the D132 mutants with peroxide 
make an interesting comparison to the K-channel 
mutants. In the former case, the K M for H20 2 is 
similar to that of wild-type (in the micromolar range, 
D.A. Mills, unpublished) and the stopped-flow kinet- 
ics of formation of the 'peroxy' (607 nm) and 'ferryl' 
(580 nm) intermediates are also very similar to those 
of wild-type (Fig. 2), while the behavior of K362 
mutants is more complex and kinetically dissimilar to 
that of wild-type (Fig. 2) [17]. Even more signifi- 
cantly, the turnover of the D132 mutant with perox- 
ide and cytochrome c under anaerobic onditions is 
as fast as with oxygen alone, suggesting the same rate 
limitation by reversal of the exit channel to supply 
the required D-channel protons. Dependence on 
reversal of the exit pathway would also explain the 
results of the photoelectric experiments with D-chan- 
nel mutants [13], namely, that there is only a small 
second phase of membrane potential developed, in 
the millisecond time frame, unlike the wild-type or 
HEOE-supported K362 activity. This result would be 
expected if the reaction was utilizing externally 
+ 
derived protons as well as internal H s protons. 
6. Conclusions 
We are not yet in a position to definitively answer 
the questions: where do protons move in cytochrome 
c oxidase and how, where and when do they connect 
to the oxygen chemistry. However, we point out the 
potential significance of the yet-to-be-defined proton 
exit pathway, revealed by analysis of D132 mutants 
that block the uptake pathway for proton transloca- 
tion and exhibit uncoupled activity with reverse 
respiratory control. These studies suggest the re- 
versibility of the exit route for pumped protons and 
its selective connectivity to the D-, but not the K-, 
proton input channel. Comparison of the D- and 
K-channel mutants in their reactions with H202 also 
indicate that there may be specificity in both time and 
space for these two input channels. The diagram in 
Fig. 1 summarizes ome of the issues that remain 
with respect o proton pathways and illustrates the 
possible location of the exit pathway proximal to the 
Mg site, which we are currently investigating. 
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